Abstract Tissue engineering, long a matter of myth and dream throughout the history of medicine, is now a practical reality. A wide spectrum of biological materials are used in the ®eld of urology to treat disease and to overcome human disabilities, including tissue grafts and organ transplantation. Laboratory-engineered bioproducts for the o-the-shelf replacement and reconstruction of tissue is now almost at hand. This article presents a glimpse into the past by highlighting a number of early pioneering works in the ®eld of tissue transplantation and cell culture technologies.
The idea that independent life can be created without sexual reproduction formed the basis of some of mankind's earliest myths. The Greek myths included the story of Prometheus being created as a human being from mud and that of Pygmalion's idealized statue of a woman brought to life by the goddess Aphrodite.
The transfer of medieval alchemy into the ®eld of medicine produced the science of iatrochemistry. One of its most important protagonists, as the Middle Ages gave way to the Renaissance, was Theophrastus von Hohenheim, known as Paracelsus (1493±1541). His recipe for the creation of human life by mixing chemical substances (although never ful®lled) was later immortalized in literature by Johann Wolfgang von Goethe (1749±1832). In the laboratory scene of Faust (Part Two), the making of the``homunculus'' in a phial is described as follows [19] :
Look there's a gleam! ± Now hope may be ful®lled, That hundreds of ingredients, mixed, distilled ± And mixing is the secret ± give us power The stu of human nature to compound If in a limbeck we now seal it round And cohobate with ®nal care profound, The ®nished work may crown this silent hour It works! The substance stirs, is turning clearer! The truth of my conviction presses nearer The thing in Nature as high mystery prized, This has our science probed beyond a doubt What Nature by slow process organized, That have we grasped, and crystallized it out.
Another extraordinary ®ctional example of such nonsexual creation of human life was Mary Shelley's 1818 book Frankenstein, about the scientist who made a living and sentient creature from reassembled and revitalized corpses.
Replacement of body parts has been one of mankind's earliest and most enduring fantasies as patients and healers have attempted to cope with the disabilities of disease and trauma. The legend of St. Cosmas and St. Damien, martyred in Syria in 278 AD, gives evidence of imaginative tissue engineering by transplantation. Prominent among the miraculous acts attributed to these twin physicians, who worked among the poor for no fee, was the replacement of a churchman's gangrenous leg with the limb of a dead black man. The clergyman fell asleep in church and the brothers appeared to him in a dream. One brother removed the diseased leg, while the other found a newly dead donor in a nearby cemetery, removed the corresponding leg and grafted it onto the patient's stump. The next morning the churchman awoke with a healthy black leg. When disbelievers opened the grave, they found one leg of the dead man missing, but a diseased and dismembered white leg alongside him. This imaginative bit of transplantation is wonderfully represented in a painting in the Prado from sixteenth century art and attributed to Fernando del Rincon (Fig. 1 ).
Early applications of tissue substitution including transplantation of endocrine tissue
Aside from Biblical, mythological, and ®ctional reports, practical applications of tissue substitution, transplantation, and regeneration began to take root. Mechanical substitution with wooden legs and dentures met common human needs. Ambroise PareÂ (1510±1590), the great French military surgeon, gave early descriptions of tissue engineering by replacement with prostheses in 1564, describing arti®cial teeth, replacement noses, and an``arti®cial yard'' (Fig. 2) in his Dix livres de la chirurgie [49] .
John Hunter (1728±1793) performed homologous transplantation of teeth in humans, a common technique in the United Kingdom during the eighteenth century (``scion-tooth''). He claimed that donor teeth should be taken from the mouth of a``sound and healthy person,'' and that transplanted teeth sometimes lasted for years. He also discussed the possibility of transmitting infections (lues) in some cases [25, 26] . Hunter also opened the door to transplantation of endocrine tissue [5] when he grafted testicles of cocks into the abdominal cavity of hens in 1767. He was actually far more interested in the technique of grafting and tissue acceptance than the secondary eects on sex characteristics [27] . Adolph Berthold (1803±1861) recognized and con®rmed this humoral relationship by performing similar testicular transplantations in cockerels, ®rst published in 1849 [6] .
Later the physiologist and neurologist Charles Edouard Brown-SeÂ quard (1817±1894) attracted attention in 1889, at age 72, when he self-injected a mixture of extracts from sperm, testicular tissue, and venous blood of young and vigorous dogs and guinea pigs in an attempt to revitalize himself [9] . An era of rejuvenation ensued in the 1920s [54] , and one of its main protagonists in Europe was Serge Vorono (1866±1951) who transplanted testicular tissue from ape to man in 1920 and thereafter [65] . He claimed to have treated 300 patients by applying strips of monkey testis to human recipient's testes ( Fig. 3 ) and stated that hormonal secretion lasted for about 1±2 years, then decreased due to ®brosis of the graft. Testicular homotransplantation had been reported earlier in very few hypogonadal patients in the United States by Frank Lydston in 1914 and V.D. Lespinasse in 1915 [33, 39] . None of these was performed with vascular anastomoses.
Testosterone delivery systems are still important needs today and the Leydig cell encapsulation innovation is presented in this issue of the World Journal of Urology [40] .
Skin grafts: the ®rst mainstream tissue engineering
Skin grafts were among the earliest obvious surgical needs and oered the ®rst practical opportunity for tissue engineering, although they created a logistic dilemma, because the grafts curled up at the edges and did not take to the recipient.
The famous surgeon Johann Friedrich Dieenbach (1792±1847) performed tissue transplantation experiments when he was a student, and his doctoral thesis in 1822, entitled Nonnulla de Regeneratione et Transplantatione (Fig. 4) presented his results of feather, hair, and skin transplantation in birds and mammals [16] . His subsequent eorts with free skin graft in humans failed. After 1828 Dieenbach concentrated his eorts on use of pedicled¯aps, and thus became one of the founders of modern plastic surgery [31] . A case report from Heinrich Christian BuÈ nger details successful free autologous transplantation of skin from the thigh for rhinoplasty in 1823 and cites Giuseppe Baronio as having performed a similar procedure in 1804 [11] . In 1870 Jaques Reverdin (1842±1929) ®nally solved this problem of free skin grafts by placing small graft islets`t he size of a split pea'' on aseptic granulating surfaces. Karl Thiersch (1827±1895) went a step further, using full thickness grafts an inch square, and stabilizing them with a dressing plaster of paris. Esser (1877±1946) held even larger grafts on facial wound reconstructions by means of a sterile dental impression material, invented and sold by Dr. Charles T. Stent (see review in [7] ).
Skin grafts thus became the ®rst widely used form of tissue engineering, initially as an autotransplant and more recently as allografts and xenografts, although the latter two are largely sterile dressings for burns [51] . Autogenous skin cells have been grown in sheets in tissue culture laboratories and returned to donor patients. This must be considered modern virtuoso tissue engineering. The beginnings of cell culture technology Rudolf Virchow (1821±1902) established his Cellularpathologie in 1858, con®rming that tissue regeneration is dependent on cell proliferation (``omnis cellula a cellula'') [64] . This led to an increased interest in histological ®ndings, for example, of wound healing and tissue transplantation. Early studies of Karl Thiersch (1822±1895) from 1874 revealed the important interaction of granulation tissue and overgrowing epithelium for wound closure, scar retraction, and skin transplantation [58] . In 1895 F. von Mangoldt performed autotransplantation of a matrix with cell clusters of epithelium and blood to close skin wounds. This matrix was obtained from intact skin areas of the same patient by scraping o the epithelial layer with a razor blade and transferring this mixture of tiny tissue fragments with blood onto the granulation tissue of the wound [41] .
Cultivation of cells outside the body was ®rst suggested and published by Leo Loeb in 1897, although he never documented his techniques or results [37] . Nevertheless, he did publish data on skin tissue grafts from embryo guinea pigs implanted to adult animals in 1902 [38] . C.A. Ljunggren in 1898 excised small islands of skin, kept them in ascitic¯uid from one of his patients and successfully retransplanted them several days or up to 1 month later [36] . The French biologist J. Jolly, later Carrel's principal critic in France, investigated the behavior of salamander leukocytes in serum in vitro as early as 1903 [29] . According to the contemporary judgement of Carrel and Burrows in 1911, the above authors achieved``only a survival of cells outside of the body¼ But there was no active growth, while at the same time marked necrobiosis took place'' [13] .
The landmark experiment of cell culture techniques entitled``Observations on the living developing nerve ®ber'' was published by Ross G. Harrison (1870±1959) at the Department of Anatomy of Johns Hopkins Medical School in 1907 [21] . He cultivated the whole or fragments of the medullary tube, or ectoderm from the branchial region of frog embryos in frog lymph. After a few hours he identi®ed sprouting of nerve ®bers under the microscope, and new individual cells later emerged from that tissue. By 1910 when Harrison published a more detailed paper on his technique [22] several working groups had established cell culture laboratories. That of Alexis Carrel and Montrose T. Burrows at the Rockefeller Institute in New York became the best known [66] . Carrel assumed the role of premier tissue culture protagonist for many years. Carrel's relationship to Harrison, the myth of his chick heart cell strain that lived and multiplied for 34 years, and Carrel's in¯uence on the development of tissue culture technology is extensively described by Witkowski [66, 67] . Further information on the history of tissue culture after 1910 can be drawn from the work of H.B. Fell [17] . Surprisingly, the ®rst detailed report on in vitro cultivation in urology that we could retrieve from the literature is that of benign transitional cell epithelium from R.G. Bunge in 1955 [10] . Lines of neoplastic urogenital cells were ®rst cultivated by K.M. Richter et al. in 1957 and by R. and E. Bregman in 1961 (see review in [30] ).
Modern organ transplantation
Alexis Carrel (1873±1944) was surely the chief pioneer of organ transplantation, introducing the principles of vascular anastomosis at the turn of the century [12] . The ®rst experimental kidney transplantation in animals, performed by Emmerich Ullmann in 1902 [61] , was followed by reports of unsuccessful attempts in humans by Mathieu Jaboulay in 1906 [28] and Ernst Unger in 1910 [62] , who grafted animal kidneys in the elbows or groins of patients (Fig. 5) . Successful whole-organ transplantation of the kidney hit the front pages of newspapers in 1954 when a team at the Peter Bent Brigham Hospital in Boston successfully moved a kidney from one identical twin to the other [44] . The report and follow-up were well documented, and the success was durable and repeatable.
Predictably, operating room innovation was far in advance of the laboratory and theoretical basis for transplantation, as the art and science of immunosuppression came much later (and these are still quite imperfect). In December 1967 Christiaan Barnard at the Groote Schuur Hospital in Capetown, South Africa, performed the ®rst successful heart transplant in human [3] . Since then livers, pancreas, small bowel, and lung have joined the list of routinely transplanted items that include skin, cornea, bone, valves, vessels, fascia, pericardium, bone marrow, and dura.
Aspects of early tissue engineering in urology: urethra and bladder revisited
Tissue engineering has had imaginative applications in genitourinary surgery, with hypospadias, epispadias, and extrophy reconstructions using local tissue and pedicled¯aps in the later nineteenth century as well as novel transplantation schemes during the following century.
Free skin grafts for urethral repair were introduced by G. NoveÂ -Josserand in 1897 [48] . J.H. Pringle described successful transplantation of a bullock's urethra to a hypospadia cripple in 1904 [50] . Alexander Tietze performed the ®rst urethroplasty with vein in a patient with urethral stricture 6 cm long in 1908 [59] . As he did not succeed, probably due to the lack of postoperative urinary diversion, he gave up the method, and P. Tanton, W. Unger and A. Becker are now credited for initiating method in 1909 [4, 57, 63] . In the same year V. Schmieden described homologous ureter for urethral replacement in hypospadias (Fig. 6 ) [53] , and autologous mucosa of the appendix vermiformis was attempted by Erich Lexer in 1910 without success, but 1 year later with good results [34] . Stuart McGuire used normal appendix vermiformis taken from a hysterectomy patient for replacement in a boy with severe hypospadias, who happened to be the next patient on the surgical schedule one day in 1927 [42] . In 1910 F. Hohmeier closed a 4-cm urethral ®stula with fascia taken from the thigh [23] . After Paul Rosenstein had used a pedicled bladder epithelial tube in 1929 [52] , J. Memmelaar suggested a free graft of bladder epithelium in 1947 [43] . Although Graham Humby is generally given credit for inauguration of bucchal mucosa for urethral substitution in 1941 [24] , the literature provides an earlier report in a Russian journal by I. A. Tyrmos in 1902 [60] , and the method is also discussed by V. Schmieden in 1909 [53] and Erich Lexer in 1929 [35] .
Many of these early reports, however, lacked rigorous follow-up and must be assigned to the realm of anecdote. More recent developments over the past few decades with free tissue grafts of tunica vaginalis, peritoneum, and rectal mucosa or various alloplastic grafts are reviewed by F. Chen et al. [14] . Tissue engineering beyond replacement or repair has reached creative heights in the urinary tract, with novel rearrangements. For a number of reasons, bladders fail to do their jobs or require excision. From ®rst ureterointestinal diversion of John Simon in 1851 [55] to ileal conduit of Eugene M. Bricker in 1950 [8] , diversions were the main solution to severe lower urinary tract dysfunction or extirpation. Substitute bowel segments, particularly those placed orthotopically, might be construed as feats of tissue engineering, but these never achieved widespread use nor were accorded substantial and durable follow-up reports until the past two decades.
Ileocystoplasty, performed experimentally in dogs at the end of the nineteenth century, and by Johann von Mikulicz-Radecki (1850±1905) in an extrophy patient in 1898 [45] , seemed to work, but no large clinical experience accrued until Roger Couvelaire's ®ve cases in Paris in 1950 [15] . After that large numbers, a total of 155, came from the separate endeavors of Cibert, Wells, Pyrah, and Gil-Vernet [46] . Willard E. Goodwin modi®ed the approach in 1959 by opening the small bowel and recon®guring it as a cup-patch, before anastomosis to bladder [20] ± and the rest, as they say, is history [46] .
Massive and imaginative reconstructions, such as those of W. Hardy Hendren in pediatric urology, going beyond bladder to involve the entire urinary, genital and lower intestinal tracts opened a golden era in surgical tissue reengineering. This was made feasible, in large part, by Jack Lapides' contribution of clean intermittent catheterization, which was the key that really unlocked the door to successful lower tract reconstruction with bowel [32] . The Mitrofano principle and its oshoots (such as the Yang-Monti tube) have extended the reach of bladder augmentation. Autoaugmentation, ureterocystoplasty, and composite augmentation with seromuscular patches are other new adjuncts for the reconstructionist.
Implants of biomaterials, endogenous tissue-scaold mixes, and arti®cial materials are further tools on the ever expanding reconstructive workbench.
Epilogue
The future of tissue engineering holds the promise of custom-made parts, supplied by laboratory construction of tissue cultures, tissue-scaold hybrids, organ cultures, and cloned organs. Amniocentesis additionally oers the opportunity to diagnose structural problems in utero and correct them prenatally. Perhaps the ®nal frontier will be at the pretissue level with genetic reengineering in the zygote or even earlier. This issue of the World Journal of Urology gives a snapshot of the state-ofthe-art of tissue engineering at the start of the third millenium of the modern world.
